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Abstract 
Calcium looping (CaL) CO2 capture process using calcium oxide as a regenerable solid sorbent has been under development at 
the Industrial Technology Research Institute (ITRI) of Taiwan for several years. At 2013, the 1.9MWth pilot plant has been fully 
constructed, and the trial runs have been progressed for almost one year. The CO2 was captured by CaO from the flue gas of the 
cement plant in a bubbling fluidized-bed carbonator while diesel oil oxy-combustion in the rotary kiln provides the heat required 
to regenerate the sorbent. The start-up progress of carbonator does not use pre-heating system, but take advantage of heat 
dissipated by the hot sorbent form the calciner. The flow rate of the flue gas from the stack of the cement plant was 3400 Nm3/h 
with the CO2 concentration higher than 15 vol%. The test results showed the CO2 capture efficiency higher than 85% for 7 hours 
and the CO2 concentration of the outlet gas was under 2%. The accumulated time of unit operation test in this pilot plant is more 
than 600 hours, and that for the fully-continuous looping test is more than 300 hours, respectively. The CO2 capture rate higher 
than 1 t/h was obtained, which reached the design point of this pilot plant. It is considered as an important milestone for the 
future construction of a 30 MWth demonstration plant. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
Global climate change due to the emission of carbon dioxide (CO2) from the combustion of fossil fuels is always 
a serious issue concerned by the industrial countries. In Taiwan, the CCS (Carbon Capture and Storage) project, 
which contains several kinds of carbon capture, carbon storage, and utilization technologies, is an important research 
and development project supported by the government. One of the most potential carbon capture technologies 
developing in Taiwan is the Calcium-Looping (CaL) process, which use calcium oxide (CaO) as a regenerable solid 
sorbent to react with CO2. This process is very suitable for developing in Taiwan because of not only the high 
adsorption capacity of the sorbent but also Taiwan’s abundant reserve of limestone. 
The CaL process is first brought up by Shimizu et al.[1], and the typical scheme of this process is shown in Fig. 
1. First, fresh limestone is fed into the calciner at the operating temperature above 800°C to produce fresh sorbent, 
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CaO. The sorbent is then fed into the carbonator to react with the CO2 in the flue gas emitted from the coal-fired 
plant. Inside the carbonator, at temperature of 630 ~680°C, the carbonation reaction of the sorbent occurs according 
to the following formula: 
 
CaO(s) + CO2(g) → CaCO3(s)     ΔH0 = -178 kJ/mol                                                                                          (1) 
 
Carbon dioxide is thus captured by the sorbent, and CO2-lean flue gas exits from the carbonator to the atmosphere. 
The CaCO3 formed in the carbonator is subsequently transported to the calciner to continue the next calcination-
carbonation cycle. There are two heat sources in this process which is advantageous for heat recovery: the heat 
released by the highly exothermic reaction in the carbonator and the released CO2 stream higher than 800°C from the 
calciner, thus making the CaL process more competitive. 
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Fig. 1 Calcium-Looping process principle 
 
 
Many different CaL process bench-scale test facilities had been developed to prove the system stability and 
investigate the effects of operating variables. More recently, some pilot plants had been constructed and tested [2,3]: 
In Germany, a 1 MWth pilot plant was constructed by The Institute of Energy Systems and Technology at 
Technische Universität Darmstadt (EST-TUD). The facility can be used in both CaL and Chemical Looping Process 
(CLP), and the CO2 capture efficiency of the fluidized-bed carbonator has been tested under the calciner was 
propane-fired and coal-fired [2]. A 1.7 MWth pilot plant is being constructed and integrated with the Hunosa 50MWe 
power plant at La Pereda in northern Spain. This demonstration plant is also known as the “CaOling Project”, and is 
funded by the European Community's Seventh Framework Programme and Plan de Ciencia, Tecnología e 
Innovación (PCTI) de Asturias. The carbonator and calciner of the 1.7 MWth plant were both designed as circulating 
fluidized beds [3]. The testing results of this pilot has been reported by Sánchez-Biezma et al.[4], showing the CO2 
capture efficiency higher than 90%, and the SO2 capture efficiency is extremely high. More study about the steady 
state operating data has been discussed and a modelling approach has been applied by Arias et al [5]. 
In Taiwan, a bench-scale 3 kWth CaL test facility has been developed by ITRI (Industrial Technology Research 
Institute) before 3 years ago. The carbonator is designed as a bubbling fluidized-bed, and the calciner is a rotary kiln. 
Testing results of a calcination efficiency higher than 90% of the rotary kiln and a CO2 capture efficiency above 
85% under the continuous system operation has been reported [6]. From 2012 to 2013, the 1.9MWth pilot plant of 
Calcium-Looping designed by ITRI has been constructed within the Taiwan Cement Cooperation’s Plant in Heping 
Township in the eastern Taiwan. The picture is shown in Fig. 2. It has been tested for almost one year. It was started 
from testing each unit, including the combustion system, the rotary kiln calciner, the pneumatic transportation 
system, and the fluidized-bed carbonator. Trial runs of the continuous looping test of the whole system operation 
have also been progressed, and results of the CO2 capture efficiency can be kept above 85% under the operating 
parameters of the system were tuned appropriately. The goal of this work is to capture the CO2 from the flue gas of 
the cement plant under the stable operating system, further the experimental data can be used for reference for the 
future scale-up design of the 30MWth demonstration plant. 
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Fig. 2 The 1.9 MWth pilot plant in Heping 
 
 
2. Design and experimental setup of the pilot plant 
A schematic diagram of the 1.9 MWth pilot plant designed by ITRI is shown in Fig. 3. The facility is mainly 
consisted of a carbonator, which is a bubbling fluidized bed, and a calciner, which is a rotary kiln. Each part of the 
test facility is illustrated as follows. 
 
 
 
 
Fig.3 Experimental setup of the 1.9 MWth test facility 
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2.1. The calcination system 
    The calcination system is a very important part that the performance will affect the density and the temperature of 
the sorbent, which directly affect the operating of the following pneumatic transportation system, the temperature of 
the carbonator, and further the CO2 capture efficiency. The obtained calcinaiton efficiency of the calciner also 
directly affects the CO2 capture capacity of the sorbent, that changes the operating parameters of the looping system, 
such as inventory of the carbonator and the solid circulating rate. 
The calciner in the pilot plant was a rotary kiln, which was designed refer to the experimental experience 
illustrated before [6] and reported in the literature [7]. The diameter of the kiln is 0.9 m, the length is 5 m, and the 
inclined angle is 5° above the horizontal. A variable speed motor is connected to control the rotation speed of the 
kiln at about 1~3 rpm. A combustion chamber of 1 m in length is set beside the rotary kiln, which is interconnected 
with an oxy-fuel combustion system, of which the burner is in 1~4 MMBtu/h capacity, and diesel oil is used as the 
fuel. There are 6 thermocouples set within the wall of the kiln at different distance from the combustion chamber to 
monitor the temperature distribution in the kiln. 
Due to the ultra-high-temperature of the oxy-frame (>1800°C), a flue gas recirculation (FGR) system is designed 
for the calcination system. Parts of the flue gas at 700~900°C vented from the calciner will be pumped back to the 
combustion chamber in order to reduce the temperature to protect the wall of the chamber. In addition, the FGR 
system can uniform the temperature distribution of the rotary kiln, thus the usable length for calcination can be 
increased. The outlet stream of the flue gas is sent to a heat-exchanger and then sent to a CO2 liquefaction process 
which consists of compressor, filter, dryer, and a distillation system. 
 
2.2. The pneumatic transportation system 
A pneumatic transportation system is used for transport the solid sorbent from the collection tank under the 
calciner to the storage tank above the carbonator located on the upper 6 floors. The vertical distance is more than 20 
meters. When the sorbent after calcination dropped from the calciner, it will be sent to the top of the storage tank 
above the carbonator by a blower. A cold model test showed that the gas velocity within this pipe is higher than 18 
m/s. However, because the temperature of the calcined sorbent is higher than 750°C, as the cold gas contacts with 
the hot sorbent, the gas will expand thus a higher transportation speed can be obtained. The flow rate ratio of gas to 
solid within this system should be controlled, in order to maintain the temperature of the sorbent that is carried on 
with reacting with the flue gas within the carbonator. This system has been designed as simple as possible to avoid 
using any mechanical valves and devices, which could fail as contacting with the hot sorbent. 
 
2.3. The  carbonation system 
The carbonator is a bubbling fluidized bed with a diameter of 3.3 m and a height of 4.2 m. The gas distributor is 
a double-layered perforated plate with an open-area ratio of 1.56%, and the holes are of 6 mm in diameter. A 100-
Hp ID fan is set to draw the flue gas from the stack of the cement plant, and then pump the flue gas into windbox of 
the carbonator. There is another ID fan set to draw the decarbonized flue gas from the outlet of the carbonator to 
pass through the cyclone, the heat-exchanger, and the bag filter, and then send the gas back to the stack. As the 
carbonation reaction is highly exothermic, a cooling system is necessary to maintain the temperature of the 
carbonator. Thus, there are 36 water cooled double steel jackets with a length of 2 m suspended in the top of the 
carbonator. 
Because of the large diameter of the carbonator, the pressure and temperature of the carbonator were measured 
at each 0.5 m height of the carbonator at four radial directions, in order to confirm the uniform fluidization situation 
at each direction and to obtain the weight of bed. An infrared continuous emission monitor system (ABB, Uras 26) 
is used to analyze the gas composition in the inlet and outlet gas streams of the carbonator. The solid feeding rate 
and discharging rate of the carbonator are controlled via rotary valves connected with variable speed motors. 
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3. Results and discussion 
3.1. The calcination test 
As illustrated in session 2.1, the calciner is the most important unit that will affect the results of full system 
operation, thus the main efforts during the testing hours are on testing and optimizing the calcination system in order 
to run the pilot successfully. First, the availability of the combustion system was tested. The process was started 
from igniting the oxy-frame of the burner and then slightly increased the flow rate of the diesel oil and oxygen from 
40 to 80 L/h, and from 50 to 100 Nm3/h, respectively. After 14 hours, the temperature in each position of the rotary 
kiln reached steady-state, and the temperature distribution in the rotary kiln was shown in Fig. 4. The temperature in 
the combustion chamber (Tc) was kept at about 1400~1600°C by tuning the opening of the two dampers and the 
rotation speed of the fan of the FGR system. The pressure within the kiln was kept at closed to the atmosphere. The 
temperature in the rotary kiln was at 1330°C (T0) and it decreased to 600°C (T5) at the end of the kiln on the farthest 
side of the burner. 
 
 
 
 
Fig. 4 Temperature distributions in the calciner of an empty kiln and limestone flow rate of 1 t/h. 
 
 
As the temperature of the rotary kiln reached steady state, fresh limestone (250~850 μm) were fed into the 
calciner at a flow rate of 1 t/h, and the rotation speed of the kiln was kept at 1.3 rpm. After about 2 hours, the 
temperature distribution reached a new steady state, and it was as also shown in Fig. 4. The temperatures were 1247 
at 1.5 m (T0) and 736°C at 4 m (T3) from the burner, thus the estimated usable length for calcination (>850°C) was 
about 2 meters, and the residence time of the sorbent at this region was 6 min. The temperatures at the end region of 
the kiln were lower than that of an empty kiln should be caused by that the heat was absorbed by the sorbent fed at 
room temperature. The residence time of the sorbent in the usable region was shorter than that of the 3 kWth facility, 
9 min, as reported before [6]. However, due to the ultra-high temperature of the oxy-frame, the region at temperature 
higher than 1000°C was longer than 1 m, that might cause sintering of the sorbent. In order to avoid the sintering of 
the sorbent that affected the CO2 capture efficiency, the rotation speed should not be decreased to increase the 
residence time of sorbent. Under this operating condition, the calcination efficiency was about 30~40% according to 
the thermogravimetric test, of which the program was set as illustrated before [6]. 
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3.2. The  semi-continuous looping test 
After the calcination efficiency was investigated, a full system looping test has been started. It can be noted that 
there is no electric pre-heating system in the carbonator, so the start-up progress of carbonator take advantage of the 
heat dissipated by the hot sorbent from the calciner. In order to avoid the calcined sorbent blocking in the tubes, the 
pneumatic transportation system should be operated continuously, and the flue gas from the stack should be also fed 
into the carbonator continuously to keep the bed being fluidized. Under this condition, if the solid is fed into the bed 
at 1 t/h, the heat will be drawn out of the system quickly by the continuously pumping of low temperature flue gas 
(~100°C), thus the temperature of the carbonator will decrease fast and the carbonation reaction will not occurred. In 
order to start the carbonation reaction in the system, the calcined sorbent was stocked in the tank above the 
carbonator for 4~5 h first, and then dropped down into the carbonator instantaneously. This option had been cycled 
for several times, and the results of this semi-continuous operation mode were shown in Fig. 5. 
 
 
 
Fig. 5 The results of the semi-continuous looping test: (a) the CO2 and SO2 capture efficiencies, (b) the pressure drop of the carbonator, (c) the 
temperature of the outlet of the pneumatic system and the bottom of the carbonator, and (d) the temperature in the calcination system. 
 
 
The flue gas flow rate in this experiment was kept at 3400 Nm3/h. The CO2 concentration in the flue gas was 
about 15~16%, and the SO2 concentration was 22~25 ppm. The CO2 and SO2 capture efficiencies were shown in Fig. 
5(a) and the pressure drop in the carbonator, which representing the weight of bed, was shown in Fig. 5(b). It can be 
seen that the SO2 capture efficiency can be kept at higher than 80% over than 30 hours. On the contrary, the CO2 
capture efficiency was lower than 25% in each cycle, and there were several peaks obtained simultaneously with the 
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change of the pressure. When the sorbent was fed into the carbonator, the pressure increased suddenly, and the 
sorbent reacted with the flue gas that the CO2 capture efficiency increased at the same time. However, the maximum 
CO2 capture efficiency was about 50%. It might be due to the low calcination efficiency of about 30~40% in the 
calciner that reduce the CO2 capture capacity of the sorbent. 
Another reason to explain the low CO2 capture efficiency was that the temperature of the carbonation system 
was too low. The temperatures in the outlet of the pneumatic transportation system above the storage tank and at the 
bottom of the carbonator were shown in Fig. 5 (c). It can be seen that the temperature of the outlet gas was kept 
around 350~400°C, but the maximum temperature at the bottom of the carbonator was only 350°C. The air flow rate 
of the blower in the pneumatic transportation system was too high, that reduced the temperature of the calcined 
sorbent, and then the temperature in the carbonator cannot reach the expected level, thus the low CO2 capture 
efficiency was obtained.  
The temperatures related to the calcination system were shown in Fig. 5(d): the temperature of the calcined 
sorbent in the collection tank under the calciner was about 720~750°C, the temperature at 1.5 m distance from the 
burner was about 1100 to 1150°C, and that of the outlet flue gas of the calciner was about 470°C, showing the ultra-
stable operation of the calcination system. 
 
3.3. The  fully-continuous looping test 
    The difficulty to start and maintain the carbonation reaction has been discussed in the session above. In order to 
increase the CO2 capture efficiency, many preparing procedures before starting the fully-continuous looping test 
have been progressed. The most important step was that there were 15 tons of the sorbent circulated within the 
system for several days. During this time period, the sorbent in the carbonator just fluidized by feeding air by the ID 
fan to replace the flue gas from the stack, and therefore there was no carbonation reaction in the carbonator. The 
sorbent was transported passing through the calciner for several times to increase the calcination efficiency. After 
this step was finished, the flue gas was feeding to the carbonator to start the carbonation reaction. The diesel oil flow 
rate of the oxy-combustion system was kept at 67 L/h and the oxygen flow rate provided by liquid oxygen tank was 
80 Nm3/h. 
    The results of the fully-continuous looping test were shown in Fig. 6. It was shown in Fig. 6(a) that the CO2 
capture efficiency can be held at higher than 85% for more than 7 hours. At the last 7 hours, the calculated CO2 
capture rate higher than 1 t/h was obtained, that reached the design point of this pilot plant. The temperature of the 
collection tank increased before 31st hour and decreased from 700°C to 500°C at the final 5 hours. It was caused by 
that the UV sensor for the frame of the combustion system broke at the 31st hour, resulting in that the burner was 
shut down to protect the combustion chamber. The CO2 capture efficiency can be kept at higher than 85% after the 
burner was shut down because of that there are more than 3 tons of hot sorbent kept in the carbonator and the 
circulated sorbent was heated by the remaining energy releasing from the wall of rotary kiln. 
 
 
 
Fig. 6 The results of the fully-continuous looping test: (a) the CO2 concentration and the CO2 capture efficiency of the carbonator; (b) the 
temperature in the collection tank and pneumatic transportation and the CO2 capture rate 
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The purpose of applying the oxy-combustion to the calcination system is to obtain the flue gas with high CO2 
purity, which is advantageous for the following CO2 liquefaction. The compositions of the flue gas in the 
combustion chamber and the outlet stream of the kiln at the fully-continuous looping test were compared and 
showed in Table 1. As shown in the table, in the combustion chamber, the O2 concentration was 0.38%, representing 
that the operating parameter, the flow rate ratio of O2 to fuel, was controlled appropriately. There was nearly no 
unnecessary O2 flow into the system.  
The CO2 concentration in the outlet flue gas was expected to be higher than that of the combustion chamber, due 
to the releasing of CO2 from the sorbent under the calcination reaction. However, the CO2 concentration was 
30.31% in the combustion chamber but dropped to 13.65% at the outlet of kiln. At the same time, the O2 
concentrations at the two positions increased from 0.38 to 12.10%. It can be conjectured that the stream might be 
diluted due to the suction of air at some place of the system. This situation was confirmed by putting some smoking 
grass around the calcination system, and it was observed that there was air flowing into the system through the 
connecting seams between the combustion chamber and the kiln. In future, this problem will be solved by adding an 
insulation layer at the outside of the connecting region 
 
Table 1. Flue gas composition at the combustion chamber and the outlet of the kiln. 
 combustion chamber outlet of the kiln 
CO2 (%) 30.31 13.65 
O2 (%) 0.38 12.10 
CO (ppm) 174.94 42.19 
 
 
4. Conclusions and future work 
The results obtained in the 1.9 MWth pilot plant confirm that the CaL process is a promising technology for CO2 
capture from the coal-fired plant. The applicability of a bubbling fluidized bed and a rotary kiln for this process has 
also been proved. The accumulated time of unit operation test in this pilot plant is more than 600 hours, and that for 
the fully-continuous looping test is more than 300 hours, respectively. The design point of the 1 t/h CO2 capture rate 
of this system was achieved. Some operation issues have been fixed and the system is keeping optimized for the 
long-tern durability test. The positive results of this plant form the basis for future scale-up design and development, 
and it seems that there are no difficult points in terms of scaling up of this technology. 
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